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The  results  for  the  instantaneous,  mean  and  root-mean-square  concentration 
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how  the  mixing  decreases  when  the  injectant  is  a  polymer  solution... 
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INTRODUCTION 


The  basic  goals  of  this  project  are:  (l)  to  determine  the  mechanisms  by  which 
drag-reducing  additives  injected  at  the  wall  in  a  turbulent  channel  Sow  modify  the 
turbulent  transport;  and  (2)  to  build  a  data  base  that  can  be  used  to  critically  test 
models  of  the  high  Schmidt  number  turbulent  mixing  process  between  an  injected 
drag-reducing  polymer  solution  and  the  water  flow.  The  purpose  is  to  develop 
methods  for  predicting,  controlling  and  manipulating  turbulent  wall  flows. 

The  addition  of  small  amounts  of  soluble,  high  molecular  weight  polymer 
molecules  to  water  flows  has  been  one  of  the  most  successful  methods  for  reducing 
drag  and  manipulating  near-wall  turbulent  structures.  This  project  is  concerned  with 
injection  of  low  concentration  (less  than  0.2  percent)  polymer  solutions  through  flush- 
mounted,  angled  wall  slots  into  fully  developed  channel  flows  (see  Walker  et  al.,  1986). 
In  the  region  just  downstream  of  the  slot,  the  modifications  to  the  flow  and  the 
performance  of  the  injected  solution  as  a  drag  reducer  will  depend  on  the  mixing  of 
the  polymer  with  the  ambient  fluid. 

Although  the  evolution  of  the  mean  polymer  concentration  profile  downstream  of 
wall  injectors  has  been  investigated  by  various  authors,  the  nature  of  the  mass 
transfer  processes  that  govern  this  evolution  have  not  been  examined  directly.  The 
Schmidt  number  for  diffusion  of  polymer  solutions  in  water  is  high  (>  1000)  hence, 
mass  transfer  is  dominated  by  turbulent  transport  mechanisms.  Since  turbulent  mass 
transfer  is  convective  in  nature  and  the  polymer  is  not  a  passive  scalar  (i.e.  the 
turbulence  is  modified  locally  by  the  polymer),  mass  and  momentum  transjiort 


downstream  of  an  injector  are  coupled.  In  order  to  model  this  type  of  flow  without 
ad-hoc  assumptions,  measurements  of  turbulent  mass  transport  and  momentum 
transport  are  necessary. 

Investigations  into  the  mixing  of  injected  polymer  solutions  have  been  limited  to 
the  measurement  of  mean  concentration  profiles.  Latto  and  El  Reidy  (1976,1984) 
measured  mean  concentration  profiles  downstream  of  slot  injectors  in  a  flat  plate 
boundary  layer  and  showed  that  polymer  solutions  diffuse  more  slowly  than  water 
solutions.  An  investigation  by  Collins  and  Gorton  (1976)  showed  that  downstream  of 
the  region  where  large  concentration  gradients  exist,  diffusion  rates  are  comparable  to 
those  resulting  from  plain  water  injection.  Fabula  and  Burns  (1970)  measured  the 
mean  polymer  concentration  profile  far  downstream  of  a  slot  injector  in  a  zero 
pressure  gradient  boundary  layer.  They  showed  that  in  this  region,  where  the  polymer 
was  present  across  the  entire  boundary  layer,  the  concentration  profile  was  self¬ 
similar. 

All  these  measurements  were  made  using  pitot  probes  and  isokinetic  sampling 
techniques.  Latto  et  al.  (1981)  have  shown  that  measured  mean  concentrations  are 
always  less  than  actual  concentrations  in  inhomogeneous  flows  when  this  measurement 
technique  is  used  due  to  the  strong  concentration  dependence  of  the  solution’s 
viscosity. 

None  of  the  above  mentioned  studies  examine  the  concentration  in  the  near-field, 


the  region  just  downstream  of  the  injector  where  large  concentration  gradients  exist 
and  the  polymer  solution  begins  to  modify  the  flow. 


The  study  of  Walker  and  Tiederman  (1987)  examined  the  near-field  evolution  of 
the  mean  concentration  profile  in  a  turbulent  channel  flow  and  its  effect  on  the  long¬ 
time  averaged  turbulent  structure.  They  found  that  at  a  location  four  channel  heights 
(100  mm)  downstream  of  the  injector,  the  near-wall  turbulent  structure  had  been 
noodified  and  that  for  distances  greater  than  four  channel  heights  the  structure  had 
been  altered  across  the  entire  flow.  This  indicated  that  the  initial  interaction  between 
the  polymer  solution  and  the  flow  occurred  in  the  first  100  mm  downstream  of  the 
injector. 

In  the  past  nine  months,  a  laser-induced  fluorescence  technique  has  been 
implemented  which  allows  non-intrusive  measurements  of  time-resolved  injectant 
concentration  profiles  in  the  region  near  the  injector.  To  this  end,  a  Masscomp  5520 
micro-computer  was  interfaced  with  a  Reticon  line-scan  camera.  The  Masscomp 
computer  features  a  large  random-access  memory  and  fast  analog  to  digital  conversion 
capability  required  for  the  concentration  measurement  technique.  It  was  used  for 
timing,  data  acquisition  and  data  analysis.  Concentration  measurements  were 
successfully  made  downstream  of  the  injector  for  injection  of  both  a  polymer  solution 
and,  for  purposes  of  comparison,  pure  water. 


I 


APPARATUS  AND  PROCEDURES 
2.1  Experimental  Facilities 

The  water  flow  loop  used  in  these  experiments,  shown  in  Figure  1,  was  driven  by 
four  ninety  gallon  per  minute  centrifugal  pumps  operating  in  parallel.  The  maximum 
Reynolds  number,  based  on  channel  height,  for  this  loop  was  in  excess  of  40,000.  At 
each  end  of  the  test  section  there  was  a  large  stilling  tank  to  isolate  the  test  section 
from  any  hydrodynamic  disturbances  in  the  flow  loop.  The  upstream  stilling  tank 
contained  a  perforated  plate  followed  by  a  screen  and  open-cell  sponge  section  and  a 
smooth  two-dimensional  contraction  leading  to  a  rectangular  cross  section.  The  inlet 
of  the  channel  was  preceded  by  a  flow  straightener  consisting  of  closely  packed  plastic 
drinking  straws  which  insured  that  no  large-scale  vorticity  existed  in  the  channel  entry 
flow.  The  downstream  tank  contained  a  perforated  plate  to  damp  out  disturbances 
and  a  copper  coil  through  which  cooling  water  flowed  to  maintain  the  channel  water 
at  a  constant  temperature. 

The  flow  loop  had  a  rectangular  cross-section  channel  (6.0  cm  high  by  57.5  cm 
wide)  as  the  test  section.  The  test  section  was  constructed  from  one  half  inch  acrylic 
and  polycarbonate  sheet  and  was  more  than  one  hundred  channel  heights  long. 
Polymer  solutions  were  injected  through  flush-mounted,  angled  slots  located  in  both  of 
the  57.5  cm  walls  of  the  channel.  The  injection  slots  had  a  width,  measured  in  the 
streamwise  direction,  of  2.5  mm  and  were  inclined  25  degrees  to  the  flow  direction  as 
shown  in  Figure  2.  The  injectors  were  located  about  eighty  channel  heights 


downstream  of  the  inlet. 


Infection  Reservoir 


Figure  1  Schematic  of  flow  loop. 


Section  view  of  injection  slot;  d=2.5mm, 


25  degrees. 
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2.S  Concentration  Measurements 

Time-resolved  concentration  measurements  were  obtained  in  a  manner  similar  to 
that  used  by  Koochesfahani  and  Dimotakis  (1986).  The  injected  fluid  was  marked 
with  a  fluorescent  dye  and  the  spatial  distribution  of  the  intensity  of  fluoresced  light 

I 

emitted  from  a  laser  beam  directed  normal  to  the  channel  wall  was  measured.  The  I 

i 

i 

dye  concentration  at  a  point  was  determined  from  the  fluorescent  light  intensity  and 

the  injectant  concentration  was  inferred  from  the  measured  dye  concentration.  For  ' 

I 

turbulent  flows,  where  dispersion  occurs  due  to  convective  mixing,  the  "turbulent" 

I 

I 

mass  diffusivity  is  typically  two  or  more  orders  of  magnitude  larger  than  the  molecular  ' 

1 

mass  diflfusivity.  This  indicates  that  the  time  scale  for  molecular  diffusion  is  more  I 

than  one  hundred  times  the  timescale  for  "turbulent  diffusion",  hence  the  effect  of 
molecular  diffusion  will  be  small  and  the  tracer  concentration  will  yield  a  good  i 

estimate  of  the  polymer  concentration. 

2.2.1  Analysis 

For  light  propagating  in  an  absorbing  medium,  e.g.  a  laser  beam  propagating 
through  a  fluorescent  dye,  the  intensity  at  any  point,  y,  along  the  path  is  given  by 

Ie(y)  =  lo  exp  /-k(r)  dr  (1) 

0 

where  Iq  is  a  reference  intensity  (at  y  equal  zero)  and  k  is  the  extinction  coefficient  for 
the  medium.  The  intensity  of  the  fluoresced  light,  I,  emitted  from  a  small  length  of 
the  excitation  beam  extending  from  y-d/2  to  y+d/2  is  some  fraction  of  the  light 
absorbed  over  that  distance.  Hence,  for  small  d 
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I(y)  =  Ie(y-<l/2)ak(y)d  (2) 

•where  a  is  a  constant,  y  denotes  a  position  at  the  center  of  the  segment  of  length  d 

from  which  the  fluoresced  light  is  emitted  and  k  is  the  average  extinction  coefficient 

over  that  segment.  For  fluorescent  dyes  in  the  range  of  concentrations  of  interest 

here,  the  extinction  coefficient  is  proportional  to  the  dye  concentration 

\i  =  0C.  (3) 

Combining  the  above  equations  yields 


y-d/2 

I(y)  =  Io'^/^C(y)d  exp  /  -/^C{r)  dr.  (4) 

0 

This  equation  relates  the  fluorescence  intensity  at  a  point  along  the  path  of  the  laser 
beam  to  the  incident  intensity  and  the  dye  concentration  along  the  beam  path. 
Solving  for  the  local  concentration  C{y)  yields 

Ifv) 

C(y)  =  -^exp  J  /3C(r)dr.  (5) 

If  the  dye  concentration  is  considered  constant  over  a  distance  s  measured  from 
the  midpoint  between  segments  i-1  and  i  to  the  midpoint  between  segments  i  and  i+1, 
then  the  integration  in  the  above  equation  can  be  written  as  a  summation  and  the 
average  dye  concentration  over  the  nth  segment,  C(yn)  =  Cn,  is  given  by 


C„  = 


n-l 

exp 

i-l 


This  result  can  be  rewritten  as 


(6) 


In 


lo^/Vd 


I  I  exp  .:fCiS. 


(7) 


This  last  equation  expresses  the  dye  concentration  at  the  nth  location  along  the  beam 
path  in  terms  of  the  properties  of  the  dye,  the  dye  concentration  at  the  previous  n-l 


r 

*1 


locations,  and  the  intensity  of  the  fluorescent  emission  from  a  small  segment  of  the 
excitation  beam.  Also  required  are  the  values  of  d  and  s  which  are  determined  by  the 
detector  used  for  the  fluorescence  intensity  measurements. 

For  these  experiments  the  fluorescence  intensity  distribution  along  the  path  of 
the  excitation  laser  beam  was  measured  using  a  Reticon  camera  incorporating  a  line 
array  of  photodiodes.  In  developing  working  equations,  the  characteristics  of  the 
photodiode  array  and  the  imaging  optics  must  be  considered.  The  voltage  for  a  given 
element  of  the  array  increases  linearly  with  incident  light  intensity  from  a  dark-level 
voltage.  Both  the  dark-level  voltage  and  the  sensitivity  vary  slightly  from  element  to 
element.  In  addition,  since  measurements  were  made  near  a  wall,  the  fraction  of  the 
total  fluorescent  emission  collected  by  the  camera  lens  varied  with  position  in  the  field 
of  view. 

The  voltage  for  a  given  element  is  related  to  the  fluorescent  intensity  at  the 
corresponding  point  in  the  field  of  view  by 

V„=-^+Vu„  (8) 

an  bn 

where  an  is  the  fraction  of  the  emitted  light  which  is  incident  on  the  element,  bn  is  the 
sensitivity  of  the  element  and  Vjn  is  the  dark  voltage  for  the  element.  Combining  this 
result  with  equation  (7)  yields 

Cn  =  (Vn  -  Vdn)  U  exp  fiC;s  (9) 

which  relates  concentration  to  measured  voltage.  Examination  of  this  equation  reveals 
that  the  term  in  brackets  depends  entirely  on  known  constants  and  element  number. 
Hence,  this  term  can  be  replaced  by  a  single  variable  Aq,  resulting  in 
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exp  ^CjS 

The  single  element-dependent  constant  is  then  determined  by  placing  a  known  dye 
concentration  in  the  flow  fleld  and  measuring  the  array  element  voltages. 

2.2.2  Data  Acquisition 

All  timing  and  data  acquisition  tasks  were  accomplished  using  a  Masscomp  5520 
micro-computer.  Data  were  acquired  using  an  12  bit  A/D  converter  capable  of  one 
million  conversions  per  second  and  all  timing  was  controlled  by  a  set  of  on-board 
clocks.  This  computer  has  10  Mbytes  of  random  access  memory  (approximately  8 
Mbytes  available  for  data  acquisition)  and  a  71  Mbyte  hard  disk.  Data  and  programs 
can  be  archived  off-line  using  a  l/4  in.  cartridge  tape  drive  (55  Mbytes  per  tape).  The 
computer  has  sufficient  hardware  floating  point  calculation  capability  and  graphics 
capability  to  analyze  data  on-line  during  the  course  of  an  experiment. 

The  Reticon  line-scan  camera  requires  a  clock  pulse  to  start  each  scan  of  the 
array  and  a  clock  signal  to  drive  the  multiplexer  which  samples  the  individual 
elements.  The  frequency  at  which  scans  of  the  array  are  started  will  be  referred  to  as 
the  scan  rate;  the  frequency  of  the  signal  used  to  drive  the  multiplexer  will  be  called 
the  clock  rate.  These  timing  signals  can  be  either  supplied  externally  or  generated 
within  the  camera.  The  output  signal  from  each  element  is  in  the  form  of  a  dark-level 
voltage  plus  a  voltage  proportional  to  the  integrated  intensity  of  the  light  incident  on 
the  element  during  the  time  between  successive  scans  of  the  array.  Hence,  the  rate  at 
which  the  array  is  scanned  defines  the  exposure  time  for  each  intensity  profile.  The 
maximum  output  voltage  is  two  volts  and  the  dark  level  voltage  is  about  10  mV. 


(V.  -  Vd„). 


In  order  to  synchronize  the  camera  timing  with  the  data  acquisition  all  timing 
signals  were  generated  using  the  CKlO  clock  module  of  the  Masscomp  computer.  For 
all  measurements  presented  here  the  camera  was  clocked  at  857  kHz.  For  long-time 
averaged  statistics  the  array  scan  rate  was  3  kHz  yielding  an  exposure  time  of  333 
microseconds.  Every  sixth  scan  of  the  array  was  digitized  resulting  in  a  sampling  rate 
of  500  Hz  and  10,000  concentration  profiles  were  stored.,  For  time-resolved 
measurements  the  array  was  scanned  at  a  rate  of  2  kHz  for  an  exposure  time  of  500 
microseconds,  each  scan  of  the  array  was  digitized  resulting  in  a  sampling  rate  of  2 
kHz  and  4,000  concentration  profiles  were  stored.. 

These  data  were  acquired  using  the  AD12FA  analog  to  digital  converter  which 
has  eight  diflerential  channels  and  can  be  programmed  for  gains  between  one  and  64. 
This  device  is  capable  of  one  million  conversions  per  second  at  a  gain  of  one  and 
900,000  conversions  per  second  at  a  gain  of  four.  Since  the  maximum  camera  signal 
was  two  volts,  the  A/D  was  set  for  a  gain  of  four. 

2.2.3  Optical  Arrangement 

For  these  experiments  the  fluorescence  intensity  distribution  along  the  path  of 
the  excitation  laser  beam  was  measured  using  a  Reticon  line-scan  camera 
incorporating  a  256  element,  self-scanning  linear  photodiode  array.  The  elements  of 
the  photodiode  array  are  25  /rm  by  425  //m  and  are  located  on  50  //in  centers.  With 
magnification,  this  resulted  in  elTective  measurement  volumes  30.3  fim  in  the  direction 
normal  to  the  wall  spaced  60.5  /xm  apart. 

The  blue  (488  nm)  line  from  a  Lexel  model  85.5  argon  ion  laser  was  used  to 
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excite  the  dye.  The  diameter  of  the  excitation  beam  determined  the  spatial  resolution 
of  the  measurement  in  the  streamwise  and  spanwise  directions.  Focusing  the 
excitation  beam  with  a  200  mm  focal  length  lens  yielded  a  beam  diameter  of  about 
110  fim  across  the  entire  field  of  view. 

2.2.4  Concentration  Measurement  Procedure 

Prior  to  the  concentration  measurements  the  injected  fluid  was  dyed  at  a 
concentration  of  one  to  two  parts  per  million  with  fluorescein  disodium  salt.  The 
water  in  the  flow  loop  was  was  given  a  dye  concentration  of  0.1  to  0.2  ppm  of 
fluorescein  for  purposes  of  calibration.  The  camera  was  positioned  and  aligned 
visually  with  the  excitation  beam  using  the  through-the-lens  viewfinder.  Final 
alignment  was  accomplished  by  observing  the  camera  output  on  an  oscilloscope  and 
adjusting  the  vertical  camera  position  to  place  the  maximum  measured  light  level, 
which  occurs  where  the  beam  first  enters  the  flowfield,  at  the  first  photodiode. 

To  facilitate  the  rapid  determination  of  actual  injectant  dye  concentrations  a 
calibration  cell  was  constructed.  This  cell  allowed  the  passage  of  a  laser  beam  through 
a  cavity  in  which  a  fluid,  either  the  injectant  or  water  from  the  flow  loop,  was  flowing. 
By  measuring  the  attenuation  of  a  laser  beam  (usually  the  496.5  nm  beam  from  the 
argon-ion  laser)  as  it  passes  through  the  cell,  the  dye  concentration  of  the  fluid  could 
be  accurately  determined.  The  attenuation  measurement  was  performed  using  a  Lexel 
Model  504  laser  power  meter.  The  dye  concentration  of  the  injectant  was  determined 
prior  to  the  experiment  using  the  calibration  cell.  The  dye  concentration  of  the 
channel  water  was  then  continuously  monitored  during  the  course  of  the  experiment. 


I 
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Since  there  wr'<  a  small  amount  of  ripple  in  the  laser  light  intensity  level  (about 
one  percent  at  a  frequency  of  about  50  Hz),  the  beam  was  sampled  before  entering  the 
test  section  and  a  photodiode  was  used  to  monitor  the  laser  intensity.  The  signal  from 
this  photodiode  was  sampled  and  stored  with  each  scan  of  the  photodiode  array  in  the 
camera.  This  information  was  used  to  correct  all  fluorescence  measurements  for 
fluctuations  in  the  excitation  source  intensity. 

Three  separate  measurements  with  the  photodiode  array  were  required  for  each 
data  set  acquired.  The  first  wa,s  a  dark-level  measurement  in  which  IJOO  scans  of  the 
array  were  digitized  with  the  lens  aperture  covered  and  then  the  average  dark-level 
voltage  for  each  element  was  calculated  and  stored.  Simultaneously,  the  dark  level  for 
the  beam-sampler  photodiode  was  measured  and  the  information  was  stored.  Next, 
the  .fluorescence  intensity  resulting  from  the  presence  of  dye  in  the  channel  water  was 
measured  with  the  camera  and  the  dye  concentration  of  the  water  in  the  flow  loop  was 
determined  using  the  calibration  cell.  These  measurement  allowed  calculation  of  the 
constants  relating  the  voltage  from  each  element  of  the  photodiode  array  to  the  dye 
concentration  in  the  field  of  view.  Finally,  the  fluorescence  intensity  was  measured 
during  injection  with  the  photodiode  array.  These  steps  were  repeated  at  each 
Streamwise  location  and  for  the  different  fluids  injected. 


RESULTS 


Concentration  measurements  were  made  at  a  Reynolds  number  of  42,800  based 
on  mass-averaged  velocity  and  channel  height.  This  resulted  in  a  wall-shear  velocity  of 
3.28  cm/s  and  a  shear  rate  of  1181  sec"^  at  the  wall.  The  primary  injectant  was  a 
700  ppm  aqueous  solution  of  SEP  ARAN  AP-273.  This  polymer  solution  was  injected 
at  both  the  top  and  bottom  channel  walls  at  a  flow  rate  equal  to  the  mass  flow  rate 
through  the  linear  portion  of  the  viscous  sublayer  of  the  undisturbed  channel  flow.  At 
these  conditions,  this  additive  yielded  28  percent  drag  reduction  in  the  region  from  50 
to  150  tnm  downstream  of  the  injector  and  a  peak  drag  reduction  level  of  44  percent  in 
the  region  from  150  to  250  mm.  For  the  purpose  of  comparison,  measurements  were 
also  made  with  injection  of  plain  water  at  the  same  flowrate.  The  injected  polymer 
solution  was  given  an  initial  dye  concentration  of  2.05  ppm  and  the  water  was  dyed  at 
a  concentration  of  1.84  ppm. 

For  these  measurements  the  x-axis  was  defined  to  be  positive  in  the  flow 
direction  with  its  origin  at  the  center  of  the  injector  slot.  The  y-axis  was  normal  to  the 
flow  direction  and  normal  to  the  long  (57.5  cm)  wall  of  the  channel  with  its  origin 
located  at  the  lower  wall.  The  x-y  plane  was  located  at  the  mid-span  of  the  channel. 
For  these  measurements  the  excitation  laser  beam  entered  the  channel  through  the 
bottom  wall  and  passed  through  the  flow  field  parallel  to  the  y-axis. 

Measurements  were  made  at  locations  10,  25,  50,  and  100  mm  downstream  of  the 
injector  (x^^  =  360,  900,  1800  and  3600  respectively).  For  polymer  injection  the  first 
one  hundred  elements  of  the  photodiode  array  were  sampled  resulting  in  concentration 
profiles  which  covered  6.05  mm  of  the  flow  starting  at  the  lower  channel  wall.  This 
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captured  the  portion  of  the  flow  with  non-zero  iiijectaiit  concentration  at  all  four 
measurement  stations.  For  water  injection  measurements,  this  wa.«  expanded  to 
Include  150  elements  (9.08  mm)  at  the  two  downstream  locations. 

S.l  Mean  Concentration  Pro  files 

Figures  3  through  7  show  a  comparison  of  mean  concentration  profiles  for 
polynoer  injection  and  water  injection  at  the  four  measurement  stations.  The  profiles 
are  normalized  with  the  injection  concentration,  Cj,  and  are  plotted  versus  distance 
from  the  wall  normalized  with  the  kinematic  viscosity  and  shear  velocity  of  the  water 
flow  without  injection.  At  x=10  mm  (Figure  3)  the  concentration  at  the  wall  for  water 
injection  is  about  85  percent  of  the  wall  concentration  for  polymer  injection.  The 
apparent  concentration  boundary  layer  thickness  is  about  y'^  =  90  for  both  flows.  The 
obvious  difference  in  area  under  the  two  curves  indicates  that  the  velocity  in  the 
near-wall  region  of  the  flow  with  polymer  injection  has  been  retarded.  This  agrees 
with  observed  behavior  in  fully  developed  polymer  flows.  Although  the  water  injectant 
appears  to  mix  more  readily  with  the  flow  than  the  polymer  solution,  the  wall 
concentrations  at  this  location  are  close  enough  in  value  to  indicate  that  the  initial 
mixing  is  not  strikingly  different  for  the  two  injectants. 

Figure  4  shows  that  for  water  injection,  the  wall  concentration  has  been  reduced 
by  more  than  half,  from  0.65  to  0.30,  from  x=10  mm  to  x=25  mm  indicating  rapid 
mixing  of  the  injected  water  into  the  flow.  For  polymer  injection,  the  wall 
concentration  has  decreased  by  only  fifteen  percent  between  the  two  stations.  In  the 
water  injection  flow,  the  injectant  has  reached  y"*^  of  130  but  the  polymer  solution 
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3  Comparisoa  of  mean  concentration  profiles  at  x=10  mm;  +  ,  700  ppm 
SEP  ARAN  AP-273;  *  ,  water. 


remains  confined  to  y'^  less  than  90. 

At  the  next  measurement  location,  x=50  mm  (Figure  5),  except  for  a  slight 
decrease  in  wall  concentration  the  mean  concentration  profile  for  polymer  injection  is 
virtually  unchanged  from  that  at  x=25  mm.  This  is  evidence  of  a  polymer-induced 
suppression  of  turbulent  mass  transport  between  these  two  measurement  stations.  For 
water  injection,  the  wall  concentration  is  reduced  again  by  half  and  the  injectant  is 
present  out  to  y"*"  of  200. 

At  the  last  measurement  station,  shown  in  Figure  6,  the  wall  concentration  for 
water  injection  decreases  by  half  again,  and  there  is  an  appreciable  injectant 
concentration  across  the  entire  region  shown.  With  the  polymer  solution  as  the 
injectant,  suppression  of  the  mass  transport  has  decreased  as  indicated  by  the  fifteen 
percent  reduction  in  wall  concentration  from  that  of  the  previous  location  and  the 
growth  of  the  polymer  containing  layer  out  to  a  distance  of  y"''  of  140. 

S.8  Rooi-Mean-Square  Concentralion  Profiles 

Figure  7  shows  the  root-mean-square  (RMS)  concentration,  c',  as  a  function  of 
for  both  injectants  at  the  first  measurement  location  ,  x=10  mm.  The  RMS  of  the 
injectant  concentration  for  water  injection  exceeds  that  of  polymer  injection  across  the 
flow.  This  is  indicative  of  the  increased  mixing  with  water  injection.  With  polymer  as 
the  injectant,  the  RMS  of  the  injectant  concentration  approaches  zero  at  the  edge  of 
the  high  concentration  layer  (y'*'  =  90—100).  This  indicates  that  there  is  a  small 
degree  of  mixing  occurring  at  the  interface  between  the  polymer  containing  layer  and 


the  outer  flow. 


Figure  7  Comparison  of  RMS  concentration  profiles  at  x=10  nun;  +  ,  700  ppm 
SEP  ARAN  AP-273;  *  ,  water. 
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At  the  next  streamwise  location,  x=25  mm,  the  fluctuation  level  has  decreased 
near  the  wall  for  both  injectants  (Figure  8).  For  water  injection  the  peak  in  c'  has 
decreased  and  the  curve  has  broadened  reaching  sero  further  from  the  wall.  The  peak 
value  of  c'  for  polymer  injection  has  moved  closer  to  the  wall  and  the  peak  fluctuation 
level  exceeds  that  of  the  water  injection  case.  As  at  the  x=10  mm  measurement 
station,  the  fluctuation  level  approaches  zero  at  the  edge  of  the  high  concentration 
layer  indicating  that  there  is  still  minimal  mixing  between  this  wall  layer  and  the 
outer  region.  However,  the  reduced  fluctuation  level  near  the  wall  shows  that  the 
concentration  in  the  high-concentration  layer  is  more  uniform  than  at  the  upstream 
station. 

Figures  fl  and  10  show  the  RMS  injectant  concentration  profiles  for  the 
measurement  stations  at  x=50  mm  and  100  mm  respectively.  For  water  injection  the 
peak  in  c'  continues  to  decrease  and  move  away  from  the  wall  with  increasing 
streamwise  distance.  At  these  locations  the  peak  in  c'  for  polymer  injection  is 
comparable  to  that  at  x=25  mm.  Increase  in  values  of  c'  further  from  the  wall  and 
significantly  beyond  the  edge  of  the  high-concentration  wall  layer  is  evidence  of 
increased  mixing  between  the  inner  and  outer  layers  compared  to  the  upstream 
positions.  This  increased  mixing  results  in  the  decrease  in  near-wall  conceni ration 
from  x=50  mm  to  x=100  mm. 

S.S  Timt-Rtsolvtd  Concentration  Profiles 


Time  resolved  measurements  of  injectant  concentration  profiles  are  presented  in 
Figures  11  and  12.  These  data  were  acquired  at  the  third  measurement  station 


Figure  12 


Time-resolved  concentration  profiles  at  x — 50  min  for  injection  of 
700  ppm  SEP  ARAN  AP-273. 


(x««60  nun)  at  a  rate  of  two  thousand  profiles  per  second  (At  =  500  /isec). 

Results  for  water  injection  are  shown  in  Figure  11  for  a  time  period  spanning 
100  ms.  The  trajectory,  in  time,  of  the  high  concentration  regions  indicates  that  high 
concentration  fluid  lifts  away  from  the  wall  in  filaments  which  rise  near  their 
downstream  end  and  remain  near  the  wall  at  their  upstream  end.  The  rate  at  which 
the  fluid  moves  away  from  the  wall  is  smaller  than  the  convection  velocity  of  the 
structure.  Hence  from  the  standpoint  of  a  stationary  probe,  the  filaments  of  high 
concentration  fluid  appear  to  move  closer  to  the  wall  with  increasing  time.  For  this 
water  injection,  there  is  a  great  deal  of  activity  across  the  entire  region  shown,  and 
the  dye  filaments  are  highly  convoluted  and  their  passage  is  closely  spaced  in  time. 
Figure  12  shows  instantaneous  concentration  profiles  measured  over  a  period  of  100  ms 
during  the  injection  of  the  polymer  solution  .  The  wall  concentration  is  relatively  high 
and  again  there  is  evidence  of  periodic  lifting  of  filaments  of  high  polymer 
concentration  fluid  away  from  the  wall  and  into  the  outer  flow.  There  is  a  marked 
decrease  in  activity  in  the  flow  compared  to  the  water  flow.  The  filaments  of  high 
concentration  fluid  are  much  more  distinct  and  widely  spaced  in  time  although  they 
appear  to  extend  a  comparable  distance  from  the  wall. 


CONCLUSIONS 


The  similarity  in  wall  concentrations  and  apparent  concentration  boundary  layer 
thickness  at  the  first  measurement  station  indicate  that  the  mixing  processes  are 
comparable  for  the  different  injectants  in  the  region  x<10  mm.  For  water  injection, 
the  near-wall  concentration  decreases  in  inverse  proportion  to  the  streamwise  distance, 
however  with  polymer  injection,  the  wall  concentration  decreases  much  more  slowly 
and  the  diffusion  is  virtually  halted  in  the  region  from  x=25  mm  to  50  mm. 

For  water  injection,  the  peak  in  the  RMS  concentration  profile  broadens  and 
moves  away  from  the  wall  with  increasing  streamwise  distance  while  the  peak  level 
decreases.  RMS  concentration  profiles  for  polymer  injection  indicate  that  there  is  very 
little  mixing  at  the  interface  between  the  high-concentration  wall  layer  and  the  outer 
flow  until  x=50  mm’  and  the  concentration  within  the  layer  becojnes  more  uniform 
from  x=10  mm  to  25  mm. 

Examination  of  time  resolved  concentration  profiles  for  the  two  cases  at 
x=50  mm  shows  that  high  concentration  fluid  moves  from  the  near-wall  region  to  the 
outer  flow  in  the  form  of  long  filaments  lifting  from  the  wall  layer.  These  events  occur 
less  often  and  the  filaments  appear  more  distinct  in  the  polymer  flow  than  in  tlie  water 
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